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ABSTRACT
For the purposes of global environmental protection and energy conservation, the use of inverter controlled
compressors is effective. Those yet even with scroll compressors, which are quiet by nature, the need for further
noise reduction is growing.
One of the sources of noise in scroll compressors is thought to be shaft vibration. Generally, one of the shaft
vibration noise problems is caused by the natural vibration of the shaft from the use of inverter controlled
compressors, especially during high speed operation.
By utilizing the methods of modal analysis and acoustic analysis, we have learned that it is effective for noise
reduction that pressure pulsation generated from the scroll part must not be overlapped to natural frequency of the
shaft.
And from the results of both analysis and the experiment, we have learned that one of the improved methods,
optimization of nature frequency of the shaft, is necessary to optimize the natural frequency of overall
compressors included the bearing, the housing etc.
We have now developed a shaft vibration reduced structure for inverter controlled scroll compressors.

INTRODUCTION
We have been developing energy-saving type packaged air-conditioning units, responding to the worldwide
need to prevent global warming. The development of not only highly efficient compressors but also of low noise
compressors is quite important, since the market for packaged air-conditioning units has recently been expanding
from the business sector to the quiet residential sector.
For the purpose of noise reduction for inverter controlled scroll compressors, which are installed with highly
efficient Interior Permanent Magnet (IPM) synchronous motor, we have focused on noise and vibration reduction
research below 1kHz under high speed operation. In this frequency band below 1kHz, we cannot attain noise
reduction with a supplemental sound insulation cover.
Now we have found that the noise source in this frequency band comes from the vibration of the crank shaft.
In this report, we will describe both the investigation of the cause of the crank shaft vibration and the specification
changes that reduce the vibration.

CHARACTERISTICS OF HIGH EFFICIENCY SCROLL COMPRESSORS
Fig.1 shows the highly efficient scroll compressor under investigation for noise reduction. The reason why
this type of compressor is highly efficient is that it has an improved high pressure housing type (motor: high
pressure side; behind fixed scroll: low pressure side), in addition to using IPM motor as the drive motor. Fig.1
also shows the flow of both refrigerant gas and lubricating oil inside the compressor. The gas that is compressed
by the revolution of the scroll goes through the inner crank shaft and into the space under the motor; after
efficiently cooling the motor the gas is discharged outside. This type of refrigerant gas flow can reduce superheat
of suction gas, which is a problem with conventional types, and can raise efficiency as well.
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Fig.1 Compressor cross section

Fig.2 Noise power level

NOISE SOURCE DETERMINATION
Fig.2 shows the third-octave analysis results of the compressor noise. Operating condition is
Hp/Lp=2.3MPa/0.5MPa (this operating condition remains the same, hereafter). As shown on this figure, there is a
sound level peak in the 500Hz band and thus we have focused on this frequency band and have made a following
analysis.
Firstly, we performed a running mode analysis by measuring the deflection of the compressor body surface
in an actual machine under operation. As Fig.3 shows, we found that in the 500Hz band, the compressor is
vibrating as one body without deformation under a rigid body mode, in which the lower part of the compressor is
vibrating in an elliptical orbit, as shown in the drawing.
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Fig.3 Analysis of running mode (Frequency 540Hz)

Secondly, we performed a modal analysis of the crank shaft. As Fig.4 shows, in the experimental setup the
crank shaft is incorporated into the compressor under real operational conditions. Using a laser vibrometer, we
measured the response at each point of the crank shaft that was excited directly. Based on the frequency response
function obtained in this test, we found through a modal analysis that the 1st deformation mode, like the arc
shown in Fig.5, exists in the 511Hz (Y-direction) and in the 533Hz (X-direction).
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Fig.4 Schematic of modal excitation

1st deformation mode

Fig.5 Vibration mode of crank shaft
(Frequency 511Hz: Y-direction)

To summarize, we can conclude that the noise showing a peak in the 500Hz band occurs due to the vibration
of the lower part of the compressor in a rigid body mode, and that the cause of this vibration is the resonance from
1st deformation mode of the crank shaft.

EXCITING FORCE DETERMINATION
To reduce noise in the 500Hz band, it is important to determine the exciting force that exists in this frequency
band. It is known that the vibration of the parts associated with the rotating components, the radial magnetic pull
force of the motor, and the discharged gas pressure pulsation are considered to be exciting forces that cause
compressor vibration. Now we have found that the noise in the 500Hz band is related to changes in operational
pressure, as shown in Fig.6. Since this means that the noise is closely connected to the high pressure refrigerant
gas condition discharged from the scroll, we have measured the time signal of refrigerant gas dynamic pressure by
installing a dynamic pressure sensor at the outlet of the scroll, as shown in Fig.7. Thus, we have investigated the
frequency component of momentary dynamic pressure with the aid of Wavelet Analysis, which is one of the
methods of Time Frequency Analysis. Fig.8 shows this result, in which we found that the refrigerant gas at the
scroll outlet has a pressure pulsation in the 500Hz band. Furthermore, we performed a numerical acoustic
analysis based on a model having space from the scroll outlet hole through the inner side of the crank shaft and
space below the motor. The results are shown in Fig.9. We found the existence of acoustic resonance mode
inside the crank shaft in the 500Hz band.
The above facts show that the 500Hz component of pressure pulsation of refrigerant gas discharged from the
scroll is amplified by the acoustic resonance phenomenon inside the crank shaft. As the acoustic resonance
frequency is close to natural frequency of the 1st deformation mode of the crank shaft, the discharged gas pressure
pulsation works as an exciting force on the vibration of crank shaft. As a result, it is assumed that the exciting
force is making the compressor vibrate at a rigid body mode.
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OPTIMIZATION OF THE CRANK SHAFT SUPPORTING STRUCTURE
We performed a study with Finite Element Analysis (FEA), to raise the 1st deformation natural frequency of
the crank shaft to decrease its vibration. By using a simple model at first, we studied the sensitivity of the natural
frequency to the quantity of the design modifications. In our simple model, we treated the crank shaft, including a
rotor and a balance weight, etc. as a beam element and the bearings as a spring element, to simplify the model.
The spring constant expressed as the support rigidity of the bearings is so set up that the result of the modal
analysis shown in Fig.5 may coincide with the result of FEA of simple model, on the 1st deformation natural
frequency of the crank shaft. Design variables include the bearing distance L between the main bearing and the
sub-bearing, and the bending rigidity EI of the crank shaft (where E: Young’s Modulus; and I: Secondary Moment
of Area).
Fig.10 shows the analysis result. We found that, considering design constraints, it is effective to shorten the
bearing distance in order to raise the 1st deformation natural frequency of the crank shaft.
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Secondly, we studied how the changing a sub-bearing from a ball bearing into a journal bearing effects on
the crank shaft 1st deformation vibration. As shown in Fig.11, we measured the transmissibility on experimental
equipment which is simulated with the crank shaft including main bearings and sub bearings. The bearing
combinations were: a cylindrical roller bearing and a ball bearing (Case 1), and a cylindrical roller bearing and a
journal bearing (Case 2). Experimental data and those circle fit results are shown in Fig.12. As we can see from
Fig.12, the journal bearing is superior in damping effect, compared with the ball bearing.
We, using Finite Element (FE) model to represent experimental equipment, identified the characteristics
(spring constant and damping constant) of simple ball bearings and simple journal bearings to coincide with circle
fit results shown in Fig.12.
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Fig.11 Experimental equipment to identify
bearing characteristics

Fig.12 Transmissibility for each case

Thirdly, we studied the shape of sub-bearing frame by using FE model, taking into consideration of the
characteristics of the simple bearing, which was described above. In our FE model, we treated the sub-bearing
frame as solid element and the compressor casing as shell element. Fig.13 shows the result example of FEA for
the mode shape of sub-bearing frame in the 1st deformation natural mode of the crank shaft. Under the condition
of same bearing distance, when the ratio of maximum deformation of the crank shaft to that of the sub-bearing
frame is considered to be a representative value, the rate of sub-bearing frame in Type A was 0.237 and the same
in Type B was 0.744. The natural frequency of Type A is higher than that of Type B by 100Hz.

(Type A)

(Type B)
Fig.13 Vibration mode of sub-bearing frame

We made a frequency response analysis of both the advanced model, which was acquired from the study
using FEA and the original model, and we also made an acoustic radiation analysis using the surface speed of the
compressor casing which was obtained from above analysis results. As Fig.14 shows the results of the acoustic
radiation analysis, we can recognize the rise in the 1st deformation natural frequency of the crank shaft and the
increase of damping effect by journal bearings.

Original model
Advanced model

Compressor

Fig.14 Results of acoustic analysis

RESULTS
We examined the compressor installed optimal crank shaft supporting structure. The noise measurement
results are shown in Fig.15. They indicate that after optimization, the sound peak in the 500Hz band moved to the
630Hz band and furthermore the sound level was reduced. This tendency coincides with the results of the
acoustic radiation analysis shown in Fig.14.
In addition, these results prove not only that the rigid mode vibration in 500Hz band was caused by crank
shaft vibration which was already described in the section of Noise Source Determination, but also that the noise
reduction effect was observed even in high frequency band. Thus, we can say that the improvement of crank shaft
supporting structure is fairly effective to the noise reduction of the compressors.
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Fig.15 Comparison of noise power level

CONCLUSIONS
From the results of this experiment, FEA and acoustic analysis on crank shaft vibration reduction reported
above, we have ascertained the following:
(1) The cause of the noise from the crank shaft vibration results from the conformity between the crank shaft
1st deformation mode frequency and the acoustic resonance frequency of the discharge space, and is
excited by a discharged gas pressure pulsation from the scroll.
(2) It is effective to both raise the natural frequency of the crank shaft and to increase the damping of
bearings as a method to reduce noise created by crank shaft vibration. An improvement in crank shaft
supporting structure contributes to noise reduction at higher frequency bands.
(3) As a method to raise the crank shaft natural frequency, it is effective to shorten the bearing distance.
The crank shaft natural frequency is related not only to the rigidity of the simple bearing, but also to the
bearing frame rigidity.
(4) If we beforehand identify the rigidity and the damping of a simple bearing, we can predict the crank shaft
natural frequency when a bearing frame or a bearing type is changed. Besides, it is possible to predict
the noise level caused by the crank shaft resonance.
The technology to reduce noise caused by crank shaft vibration has been obtained from our research, without
requiring large changes in crank shaft structure.
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